Five unimmunized adult rhesus monkeys weighing 5.9-6.3 kg were challenged with a precalculated, inhaled dose of 20.95-41.8 &kg of aerosolized ricin. Two males and three females either died or were killed at the onset of respiratory distress between 36 and 48 hours post-ricin inhalation and were necropsied. Consistent gross and microscopic lesions were confined to the thoracic cavity. All monkeys had multifocal to coalescing fibrinopurulent pneumonia, diffuse necrosis, and acute inflammation of airways, and nearly diffuse alveolar flooding, with peribronchovascular edema. All monkeys also had purulent tracheitis, fibrinopurulent pleuritis, and purulent mediastinal lymphadenitis. One male monkey and one female monkey had bilateral adrenocortical necrosis. We attributed the cause of death to asphyxiation following massive pulmonary alveolar flooding. The lesions of acute inhaled ricin intoxication in rhesus monkeys closely resembled those lesions reported in rats with acute inhaled ricin intoxication.
cule is a 62-kd protein consisting of two glycoprotein chains linked by an easily split disulfide bridge. The 34-kd B chain, the lectin moiety, binds avidly to cell surface receptor glycoproteins, facilitating internalization of the 32-kd A chain, the toxic moiety. The A chain is transported to cellular ribosomes, where it enzymatically inhibits protein synthesis by inactivating the 60s ribosomal subunit. 19 The lectin binds to galactose, lactose, and N-galactosamine. As a toxic lectin, ricin is useful as an anticancer immunochemotherapeutic agentl'.'2.'7,21 and as a tissue-labeling reagent in biomedical research.' In addition to its beneficial applications, ricin has been The views, opinions, and/or findings contained in this abstract are those of the authors and should not be construed as an official Department of the Army position, policy, or decision unless so designated by other documentation.
In conducting research using animals, the investigators adhered to the Guide for the Care and Use of Laboratory Animals, prepared by the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National Research Council (NIH Publication No. 86-23, revised 1985) .
implicated as a weapon of international terrorismz6 and as a biological warfare threat to military o p e r a t i o n~.~. '~ The lesions induced by lethal parenteral doses of crude or unpurified ricin in laboratory rodents, rabbits, and ruminants have been r e p o~-t e d .~J~.~~ Described tissue changes included lymphocytic necrosis of lymphoid organs; hemorrhages, necrosis, hyaline droplets, and fibrin thrombi in the liver; hemorrhages and necrosis in the adrenal glands; tubular hyaline changes in the kidneys; degeneration and necrosis of the heart muscle; and congestion and hemorrhages of the gastrointestinal tract.
The lesions induced by acute inhaled ricin intoxication in rats were confined to the lung and consisted of intraalveolar edema, acute alveolitis, and diffuse necrosis of the epithelium lining the lower respiratory tract.13 T o our knowledge, there have been no reports in the open literature of lesions induced by inhaled ricin intoxication of nonhuman primates.
We report herein the tissue changes induced by lethal inhaled r i c h intoxication of five adult rhesus monkeys, the dose-ranging and lethality controls in an experimental ricin vaccine preclinical efficacy trial. The ricin vaccine under investigation is now in a Phase I clinical trial. It was our intent to glean as much useful information as possible from these very valuable research 296 animals. We hypothesized that inhaled ricin would induce lesions in the respiratory tract.
Materials and Methods
Five healthy 5.9-6.3-kgmature adult rhesus monkeys (Mucaca mulatta) with clear pulmonary radiographs and normal hematologic and serum biochemical parameters were selected as nonsurviving dose-ranging and unimmunized challenge controls in a prototype ricin vaccine efficacy trial. These monkeys were maintained in individual stainless steel cages with squeeze capability in a nonhuman primate isolation facility fully accredited by the American Association for Accreditation of Laboratory Animal Care. Monkeys were fed commercial monkey chow twice daily and were provided with fresh fruit three times weekly with filtered tap water ad libitum.
Purified ricin (Ricinus communis Agglutinin 60), Lot #0425, was purchased from Vector Laboratories, Burlingame, California, at a prepared concentration of 5 mg/ml in phosphatebuffered saline (PBS) containing 0.08% sodium azide as preservative. Immediately before use, the ricin was dialyzed overnight against sterile PBS, with buffer changes at 1 and 3 hours from beginning of dialysis, and then was diluted in sterile PBS to the desired concentration for each aerosol exposure.
Each monkey was anesthetized with tiletamine-zolazepam combination (Telazol, A.H. Robins, Richmond, VA), 4 mg/ kg intramuscularly; and the tidal volume, respiratory rate, and minute volume were measured by using a whole-body plethysmograph and a pulmonary mechanics analyzer system, Model 6 (Buxco Electronics, Sharon, CT). Each anesthetized monkey was exposed for 10 minutes to a lethal aerosol concentration of rich (128-353 mg.minute/m3) in a modified Henderson head-only exposure system16,20 contained within a Class I11 biological safety
The aerosols were generated by a Collison nebulizer,I* containing 8 ml ofthe toxin at the required dilution in PBS. This nebulizer, driven by compressed air at 26 lb/sq. in (gauge), produced an aerosol flow rate of 7.5 liter/minute and and a mass median aerosol diameter of 1.2 pm. The aerosols were sampled from the sampling port situated at the level of the monkey's nose in the exposure chamber by using an all-glass impinger. The toxin was impinged in 10 ml of sterile saline contained in the sampler. The aerosols were sampled continuously during each exposure trial. The protein concentrations of the impinger samples were determined by using the Micro-BCA protein assay kit (Pierce Co., Rockford, IL). The aerosol concentrations were calculated and the inhaled dose (pglkg) was estimated from the minute volumes measured during plethysmography .
Moribund monkeys were anesthetized with tiletamine-zolazepam (6 mglkg) and were killed by exsanguination. A complete necropsy was conducted and gross photographs were taken of selected organs. Samples of all major organs and tissues were fixed in 10% neutral buffered formalin for histopathologic examination. Tissue samples were routinely processed, embedded in paraffin, and sectioned at 5-6 pm for hematoxylin and eosin (HE) staining. Replicate sections from selected tissue blocks were stained with phosphotungs- 
Results
Monkeys received a precalculated inhaled dose of ricin ranging from 20.95 to 41.8 yglkg (Table 1) . After anesthetic recovery, monkeys appeared clinically normal. After a lag period of from 20 to 24 hours, monkeys had abrupt onset of dyspnea, which progressed rapidly. Monkeys died, or were killed 36 to 48 hours after ricin exposure (Table 1) . At death, clear froth flowed from the nares. Loss of skin elasticity indicated dehydration.
Consistent gross lesions were confined to the respiratory tract. Serous or serosanguinous fluid and fibrin strands were present in the thoracic cavity and sheets of fibrin coated the visceral pulmonary pleural surfaces ( Fig. 1 ). Lungs did not collapse and were diffusely wet, heavy, mottled, red, and purple, with distinct rib impressions ( Fig. 2 ) and a firm, rubbery consistency. Clear foamy fluid, present in the trachea and mainstem bronchi, drained readily from the laryngeal orifice. The mediastinum was thickened by gelatinous edema and mediastinal lymph nodes were enlarged and edematous. The pericardial sac was distended with serous or serosanguinous fluid.
All lung lobes of all monkeys had mild to marked multifocal to coalescing necrosis and inflammation of airway epithelium, penbronchovascular edema, alveolar flooding, and fibrinopurulent alveolitis (interstital pneumonia) with necrosis. Peribronchovascular, connective tissue fibers were separated by pale, eosinophilic proteinaceous material (edema). Peribronchovascular lymphatics were distended by fibrillar eosinophilic material (edema and fibrin) with erythrocytes, neutrophils, lymphocytes, and macrophages ( Fig. 3) . Lymphocytes in bronchus-associated lymphoid tissues were depleted ( Fig. 3) . Some bronchi had intact epithelium, with scant intraluminal necrotic cellular debris ( Fig. 3) , whereas other bronchi were partially devoid of lining epithelium. Neutrophils, lymphocytes, and macrophages comprised peribronchial infiltrates. Many small bronchioles were nearly totally denuded of epithelium, with only smooth muscle remaining ( Fig.   4 ). The lumina ofthe terminal ramifications of necrotic terminal bronchioles (the respiratory bronchioles, alveolar ducts, and contiguous alveoli) were distended by eosinophilic, finely beaded, fibrillar strands of fibrin, neutrophils, erythrocytes, and alveolar macrophages with intracytoplasmic, necrotic, cellular debris ( Fig. 5 ). Many alveoli lacked lining epithelium. The alveolar septa1 interstitial spaces were thickened by eosinophilic proteinaceous material, congested capillaries, and infiltrates of neutrophils and macrophages ( Fig. 5 ). Endothelial cells lining capillaries and larger blood vessels were swollen. When stained with phosphotungstic acid-hematoxylin, the beaded fibrillar strands assumed the blue-violet hue of polymerized fibrin (Fig. 6 ).
Upper respiratory tract inflammation was mild. The trachea ofall monkeys and the larynx of three monkeys had a few transmucosal migrating neutrophils and an occasional single necrotic epithelial cell. Minimal intraluminal exudate consisted of degenerated neutro-phils, macrophages, erythrocytes, sloughed necrotic epithelial cells, and mucinous material. The larynx and trachea of one monkey (case No. 2) had slightly attenuated, lining epithelium, with loss of cilia. The tracheal submucosa of several monkeys was mildly infiltrated by neutrophils, lymphocytes, plasma cells, and macrophages, which was consistent with acute inflammation superimposed on background subacute to chronic inflammation.
Other thoracic lesions were located along the pulmonary lymphatic drainage course. In all monkeys, the mediastinum and the visceral pleura lining one or more lung lobes were thickened by eosinophilic fibrillar strands (fibrin), pale eosinophilic homogeneous material (edema), dilated lymphatics, perivascular neutrophils, and macrophages. All monkeys had tracheobronchial lymph node sinuses distended by fibrin, hypersegmented neutrophils, macrophages, and necrotic cellular debris. Tracheobronchial lymph nodes of several monkeys also had marked cortical lymphocytic depletion and karyorrhexis and karyolysis of follicular center cells. The perinodal connective tissue spaces and afferent lymphatics were filled with neutrophils, macrophages, lymphocytes, erythrocytes, and fibrin.
Two monkeys (case Nos. 2, 3 ) had bilateral adrenocortical necrosis. Epithelial cells of the zona fasciculata had random multifocal degeneration and necrosis, characterized by cellular swelling and vacuolation, cytoplasmic condensation, and nuclear pyknosis, accompanied by a mild multifocal infiltrate of hypersegmented neutrophils, macrophages, and lymphocytes. Immunohistochemical staining of replicate adrenal sections from these two monkeys by the Armed Forces Institute of Pathology for human Herpes simplex viral antigen did not immunolocalize herpesviral antigen.
Lesions observed in other organs were interpreted as incidental findings unrelated to ricin intoxication. Lesions were chronic bronchitis and bronchiectasis (case Nos. 4 Other organs were essentially normal.
Discussion
Lethal inhaled ricin intoxication induced lesions of the upper and lower respiratory tract in all monkeys. Mild, subtle lesions were induced in the upper respiratory tract, whereas profound lesions were induced in the lower respiratory tract, particularly at the level of the terminal bronchioles and their ramifications. The difference in severity of lesions induced by aerosolized ricin at these two anatomic levels may be related to the particle size of the ricin aerosol. Deposition of large particles greater than -10 pm aerodynamic diameter is virtually complete above the larynx. With decreasing particle size, an increasing proportion of inhaled particles pass deep into the lungs. Small particles around 1-2 pm tend to deposit mostly at the bronchiolaralveolar junction. As the total cross-sectional area of airspaces increases suddenly at this level, linear velocity of the airstream falls to zero, allowing particles to deposit by gravitational settling.8 The mean diameter of ricin particles was 1.2 pm, allowing them to settle at the bronchiolar-alveolar junction, where the most severe lesions were consistently found.
In our study, the pulmonary lesions we attributed to experimentally induced, lethal inhaled ricin intoxication involved two anatomic sites: airways, with necrosis and edema; and alveoli, with necrosis, edema, and fibrin deposition. The severe dyspnea we observed in all terminal monkeys was likely due to rapid progressive pulmonary edema resulting in massive alveolar flooding and asphyxiation. The clinical onset of dyspnea was likely temporally related to the onset of massive alveolar flooding.
Acute pulmonary damage is induced directly or indirectly by inhaled ricin via an incompletely elucidated mechanism. There are three types of pulmonary edema: permeability edema,22 neurogenic edema,6 and high-pressure (osmotic or cardiogenic) e d e~n a .~?~~ After recognizing that the most severe and consistent pulmonary lesion was at the bronchiolar-alveolar level, we propose that ricin-induced pulmonary edema in our monkeys may be of the permeability type, initiated by defective capillary endothelium5 and/or by defective alveolar-airway epithelium. 22 The lesions induced by acute inhaled ricin intoxication in our monkeys closely resembled those lesions recently reported to be induced by lethal inhaled ricin intoxication in rats.13 Evidence in rats points to ricin's role as a primary pulmonary intoxicant that induces high permeability pulmonary edema.1.2 Ricin has been recently implicated in a vascular leak syndrome,21 but the specific mechanism by which inhaled rich crosses respiratory epithelium to access and injure the vascular endothelium has not been determined.
Ricin is a toxic lectin with a strong affinity for galactose and lactose residues and a lesser affinity for N-acetylgalactosamine residues on glycoproteins and glycolipids. The closely related, nontoxic ricinin (synonyms, RCA-1, RCA 120, Ricinus communis agglutinin) has an in vitro binding affinity for type I and type I1 pneumocytes of rats,23 so it is likely that ricin, too, probably binds quickly and avidly upon initial contact to alveolar pneumocytes of various mamma-lian species in vivo. Necrosis of pulmonary epithelial cells is likely a direct toxic local effect of ricin,' but an indirect local or systemic effect via ricin-stimulated release of inflammatory mediators or via ricin-activated cytotoxic cells has not been ruled out. Besides the necrotic and inflammatory lesions we saw in the respiratory tract, we observed necrotic and inflammatory lesions in pleural and mediastinal lymphatics and in tracheobronchial lymph nodes, structures comprising the lymphatic drainage of the respiratory tract. The lesions in the draining lymphatic tissues may have been induced directly by intact ricin molecules detached from cells, by recycled ricin subunits, or by ricin metabolites released from dying cells and subsequently taken up by other cells for transport to the regional lymph nodes. Cellular uptake of ricin or its peptide fragments could have been by direct binding, by receptor-mediated endocytosis, or by nonspecific phagocytosis. Alternatively, lesions in draining sites could have been caused by ricin-stimulated effector cells or inflammatory cytokines.
Unlike animals lethally intoxicated by parenteral ricin, in which lymphocytic necrosis was widespread in systemic and peripheral lymph node^,^^^*^ we observed cortical lymphocytolysis only in tracheobronchial lymph nodes of our monkeys. We hypothesize that the lymphocytolysis we saw in our monkeys was a direct lytic effect of ricin or its metabolites bound to migrating leukocytes or unbound in the lymph and transported from the lung to the tracheobronchial lymph nodes. Lymphocytolysis could also have been induced by high endogenous corticosteroid levels as part of the stress reaction. In our monkeys, lymphocytolysis was confined to tracheobronchial lymph nodes, and did not involve mesenteric and peripheral lymph nodes, making the stress reaction hypothesis a less attractive explanation for the localized lymphocytolysis. A stress reaction should affect all lymph nodes in the body to a similar degree. Apoptosis or programmed cell death is a cellular change characterized by cytoplasmic shrinkage, nuclear condensation, and breakdown of the cell into membrane-bound fragments. Rats intramuscularly intoxicated with ricin had apoptotic-like bodies in their para-aortic lymph nodes, Peyer's patches, and ileal crypts. I4 We are uncertain if the lymphocytolysis we saw in the tracheobronchial lymph nodes of our monkeys could be classified as apoptosis.
The etiopathogenesis of the adrenal lesions observed in case Nos. 2 and 3 remains enigmatic. We wondered initially if experimental manipulation of these monkeys could have reactivated a latent simian herpesviral infection, so we sought consultation with the Armed Forces Institute of Pathology. Their antibody for the closely related human Herpesvirus simplex did not immunolocalize herpesviral antigen in formalin-fixed adrenal gland microsections from these monkeys. Also, the adrenal lesions in our monkeys were not focal and distinct like those typically seen in herpesviral adrenal lesions in various species. Hence, recrudescence of latent herpesviral infection, although unlikely, was not completely ruled out in our monkeys. Other possible causes for the adrenal lesion might include endogenous endotoxin-induced necrosis and hypoxic changes due to poor blood oxygenation resulting in poor tissue perfusion of adrenal glands during the course of respiratory embarassment and cardiovascular collapse. The possibility of a ricin-induced adrenal lesion similar to that reported for lethal parenteral ricin intoxicationi0 could not be completely excluded, although the lesion occurred inconsistently in our monkeys. The reported ricin-induced adrenal lesion was described as marked medullary hemorrhages, degeneration of parenchymal and endothelial cells, and necrosis with karyorrhexis affecting single cells and small groups of cells in the adrenal parenchyma.'O The adrenal lesion we saw in our monkeys was somewhat similar to the reported adrenal lesion. This ricin-induced lesion was reported to resemble the adrenal lesion observed in experimental diphtheria. lo Diphtheria exotoxin and ricin both have similar structural motifs and inhibit protein synt h e~i s .~J~ Perhaps structurally similar biotoxins with similar modes of action may induce similar lesions.
Adrenal gland is one of the reported sites of localization of intravenously administered whole ricin in mice. I Intravenously administered ricin A-chain in mice induced maximal adrenocortical lesions 2 days post-injection." A remote hypothetical possibility exists that blood-borne ricin subunits or metabolites could have been transported from the thoracic cavity to the adrenal glands in two of our monkeys, inducing the necrotic adrenocortical lesions we observed microscopically 48 hours post-ricin exposure.
Pulmonary involvement in our monkeys paralleled that described in rats with inhaled ricin intoxication.13 Except for common involvement of mediastinal lymph nodes, the target organs of inhaled ricin intoxication in rhesus monkeys differed from the reported target organs of parenteral ricin intoxication in rodents, rabbits, and ~-uminants.~JO.~~ We attribute the difference in organ distribution to the difference in route of exposure, rather than to a difference in species.
